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porally correlated with the processes of chromosome segregation and nuclear envelope reformation. Our live image analysis with the multicolor cell line clearly indicated that survivin diffused into cytosol coincident with the chromosome segregation (435 min) and reappeared in the midzone during the nuclear envelope reformation (441-444 min). The separate images of ECFP-histone and EGFP-survivin shown in Figure 3B suggested that a small amount of survivin remained on chromosomes after their segregation, although we could not completely rule out the possibility that we observed weak bleedthrough of the ECFP fluorescence to the YFP channel.
It is obvious that some kind of spatial and temporal landmarks are necessary for molecular dynamics studies in living cells. However, it is often time-consuming to establish a cell line simultaneously expressing multiple fluorescent protein fusions. In some cases, it may be necessary to tune their expression levels or to change the combination of fluorescent proteins, since DsRed fusions tend to aggregate or abnormally localize, especially when overexpressed. Too little expression of the fusion protein, in contrast, increases the required exposure time to the excitation light and may cause cell death by photopathic damage. This problem is especially important for multicolor time-lapse analysis, since it requires multiple exposures per frame. Our MDA-H3/imp cell line would serve as an excellent premade evaluated hosts for expressing GFP-fused proteins. Further effort to establish other variations of premade hosts for multicolor living cell analysis would contribute to the molecular dynamics studies in mitosis and cell cycle control in the future. Site-directed mutagenesis is a powerful tool to generate desired DNA mutants for exploring structure-function relationship. DNA mutants are created by amplifying DNA from a parental DNA template with site-specific mutagenic primers. Several methods have been published to separate the mutants from the parental DNA to achieve higher mutagenesis efficiency, for example digesting methylated parental DNA with DpnI (References 1-4; http://www.stratagene. com/manuals/200518.pdf), transforming plasmids into specific bacteria strains in which only the mutants can survive (Reference 3; http://www.invitrogen.com/content/sfs/manuals/genetailor_man.pdf), and unique restriction site elimination (5) . High mutagenesis efficiency can be achieved with some of those methods. However it is very difficult to achieve 100% mutagenesis efficiency, because all of these methods are based upon discrimination.
Here we describe a highly efficient mutagenesis strategy. This strategy has a few unique features. PCR primer containing T7 promoter sequence and a unique type IIS restriction enzyme site upstream of the mutagenesis sequence is used to generate template for in vitro transcription. After that, all DNAs are completely digested with the most effective DNase (DNase I) without discrimination. RNA is used as template to generate the desired mutants. With this method, we consistently achieve 100% mutagenesis efficiency with single or double point mutations.
The whole scheme of this mutagenesis method was described in Figure 1 . It was a seven-step procedure.
Step 1: the preparation of DNA template for in vitro transcription (Figure 1a) . PCR mutagenic forward primers contained the T7 promoter sequence, the BsmBI recognition site, and the target-specific sequence with single or double point mutations, and the PCR reverse primer contained only the BsmBI recognition site and the target-specific sequence. Fifty microliters of PCR contained 2.5 U of Pyrobest™ DNA polymerase (Takara, Toyko, Japan), 5 μL of 10× Pyrobest PCR buffer (Takara), 400 μM of dNTPs, 20 ng of DNA template [5.6 kb pCMV/cyto/myc/ green fluorescent protein (GFP); Invitrogen, Carlsbad, CA, USA), and 100 ng of each PCR primer. PCR procedure was as follows: 94°C for 5 min for one cycle for predenaturation, 30 cycles of denaturation at 94°C for 30 s, annealing and ex-BENCHMARKS tension at 68°C for 6 min, followed by a 10-min extension at 72°C. The amplified product was purified by the QIAquick ® PCR purification kit (Qiagen, Valencia, CA, USA).
Step 2: in vitro transcription to generate RNA and DNA digestion with DNase I (Figure 1b) , according to the instruction of in vitro transcription kit (Promega, Madison, WI, USA).
Step 3: first-stranded cDNA synthesis by reverse transcription (Figure 1c) . First-stranded cDNA was synthesized from RNA template with SuperScript™ III first-stranded cDNA synthesis kit (Invitrogen).
Step 4: double-stranded cDNA synthesis by PCR (Figure 1d) . For the PCR, 3 μL of the first-stranded cDNA was added into a mixture containing 2.5 U of Pyrobest DNA polymerase, 5 μL of 10× Pyrobest PCR buffer, 2 μL of 10 mM dNTP, and PCR forward primer and reverse primer (100 ng each) in a total volume of 50 μL. PCR procedure was as follows: 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 15 s, annealing and extension at 68°C for 6 min, followed by a 10-min extension at 72°C.
Step 5: digestion of double-stranded cDNA with BsmBI to generate complementary overhangs at both ends (Figure 1e ). The purified products with the QIAquick PCR purification kit were digested with BsmBI restriction endonuclease (New England Biolabs, Beverly, MA, USA).
Step 6: self-ligation of double-stranded cDNA with overhangs to generate closed circular plasmid (Figure 1f ).
Step 7: transformation of the ligation product into TOP 10 competent cells (Invitrogen) (Figure  1g ). To make it easy to distinguish the difference between the parental plasmid DNA and the mutated DNA, we designed the mutated BamHI recognition site (GGATCC→GGAGCC, GGATCC→ GGAGGC) present in pCMV/cyto/myc/ GFP template in the forward mutagenic primer. The mutant would be resistant to BamHI digestion. Enzyme digestion and DNA sequencing were used to measure the overall mutagenesis efficiency.
We randomly picked 30 colonies for BamHI digestion to measure the mutagenesis efficiency. The results showed that all of them were resistant to BamHI digestion, which meant all of them have the expected mutations (Figure 2, A and B) . To confirm the mutations further, we picked an additional 10 colonies for DNA sequencing. The results showed that all of them have the desired mutations (Figure 2, C and D) . Figure 2C showed the expected T to G mutagenesis, and Figure 2D showed the expected TC to GG mutagenesis.
Although several methods have been published for highly efficient mutagenesis, all of these methods are based on separating newly synthesized mutants from the parental DNA. None of them can achieve 100% mutagenesis efficiency. The method described in this paper is different from the traditional methods. A unique promoter (T7 or other promoters) sequence and a type IIS restriction enzyme site are incorporated in the mutagenic primer. 
The promoter sequence is used to generate RNA for reverse transcription PCR (RT-PCR), and the type IIS enzyme site is used to eliminate all extra sequence from the final plasmid. Type IIS restriction enzymes recognize asymmetric sequences and cleave these sequences at a defined distance, which permits seamless ligation of the linear products into circular plasmids with these enzymes (6, 7) . Since the newly synthesized DNA has the promoter sequence, only these DNAs will be used as templates for in vitro transcription. All DNAs are efficiently digested with DNase I. The transcribed RNA is used as template to generate the desired mutants. We think the major reason for the 100% mutagenesis efficiency is that DNase I is used to digest all DNAs. DNase I has been used to digest genomic DNA during RNA preparation (8) (9) (10) . It is a very efficient and DNA-specific nuclease. Therefore, it is very reasonable to assume that all DNAs are completely digested in the procedure described above. Even if there are still some DNAs left, these DNAs must be partially digested and cannot be religated to form circular plasmids.
The ideal site-directed mutagenesis method would be a simple procedure with little hand-on time, and it would give very efficient selection of the mutant. This method emphasizes on the efficiency, not simplicity, nor fidelity. We think the method we present here can be further used to develop an ideal mutagenesis method and can be used for deletion and insertion. Because of the high mutagenesis efficiency, this method can potentially be used for the construction of a mutant library. This method can also be used for in vitro protein synthesis by directly using the mRNA generated with different N terminal or C terminal.
